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Entanglement is a key property of quantum systems. In this Letter the first measurements of quantum
entanglement between spins in pairs of Z bosons are reported, using proton-proton collision data from the
Large Hadron Collider (LHC) at center-of-mass energies of 13 and 13.6 TeV, recorded with the ATLAS
detector. Measurements of angular observables sensitive to ZZ� spin-density-matrix elements in the
H → ZZ� → lþl−lþl− process yield coefficients C2;1;2;−1 ¼ −0.71� 0.45 and C2;2;2;−2 ¼ 0.08� 0.44,
consistent with their Standard Model predictions. A complementary hypothesis test using the full angular
distribution, and relying on several Standard Model assumptions in the decays, provides substantially
higher sensitivity to quantum correlations and disfavors the separable-state hypothesis at a significance of
4.7 standard deviations (expected 4.9σ) relative to the entangled Standard Model hypothesis. These results
provide strong evidence of quantum entanglement between massive bosons (spin qutrits) at the electroweak
scale.
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Quantum entanglement is one of the fundamental fea-
tures of quantum mechanics [1–3], lying at the heart of
quantum information science and quantum field theory
[4–8]. In quantum mechanics, an entangled system cannot
be described as a product of its subsystems. (More precisely
the condition for a density matrix ρ to be entangled is that it
is not possible to express it as a convex sum of tensor
products ρ ¼ P

i piρA ⊗ ρB of the density matrices ρA and
ρB of the subsystems A and B for pi ≥ 0 and

P
i pi ¼ 1.)

Its joint state exhibits correlations that cannot be repro-
duced by any nonentangled quantum model.
In recent years, collider-based studies have been pro-

posed, which would probe entanglement at the highest
experimentally accessible energy scales [9–13], building on
techniques first developed for optical and atomic systems
[14–17]. Entanglement has also been observed in flavor in
systems of K mesons [18] and B mesons [19]. Analyses at
CERN’s Large Hadron Collider (LHC) have demonstrated
the feasibility of tests of spin entanglement in top-quark
pair production, culminating in the recent observation by
the ATLAS and CMS Collaborations [20–22]. As well as
being intrinsically of interest, such measurements offer
sensitivity to possible new particles and fields, with
quantum tomography of the polarization density matrix

providing a systematic basis for constraining anomalous
couplings [23–25] and, more broadly, for probing devia-
tions from Standard Model dynamics [26]. Recent reviews
of the broader collider program in quantum information
measurements can be found in Refs. [27,28]. Extending
such measurements to systems with bosonic particles
enables tests of quantum correlations among massive vector
fields [11–13], and provides a probe of the electroweak
symmetry-breaking sector responsible for generating the
masses of elementary particles [29–33].
The decay of the Higgs boson into a pair of Z bosons

provides an ideal laboratory for such studies. In the
Standard Model, the Higgs boson is a scalar particle and
is even under the charge-conjugation (C) and the parity (P)
transformations (JPC ¼ 0þþ). The Z is a massive spin-1
boson with three possible spin states, called spin qutrit, and
so each Z spin state can be labeled jþi, j0i, or j−i
according to its helicity. Since the mass of the Higgs boson
is smaller than twice that of the Z boson, the H → ZZ
decay involves at least one off-shell (virtual) Z boson
denoted Z�. Virtual Z� bosons decaying into highly
relativistic leptons are also spin qutrits, spanning the same
triplet of helicity states. The Higgs boson decay into four
charged leptons via two spin-1 bosons, H → ZZ� →
lþl−lþl−, therefore produces a system that can be
described by three dominant Z-pair helicity amplitudes:
j þ −i, j00i, and j −þi. The corresponding two-boson
quantum spin state, jZZi ¼ aj þ −i þ bj00i þ cj −þi, is
expected to be nonseparable due to the coherent super-
position of helicity components. The presence of off-
diagonal elements in the associated 9 × 9 spin-density
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matrix (SDM) therefore constitutes a direct signature of
entanglement between the spins of the two Z bosons [11].
This Letter presents the first measurement of quantum

entanglement between massive vector bosons at the electro-
weak scale. Distinctive features make such measurements
at high-energy colliders fundamentally different from those
in atomic or photonic systems. First, the LHC probes
energies at the electroweak scale, allowing tests of entan-
glement for short-lived, massive particles. Second, in the
context of the Standard Model of particle physics, collider
experiments can reconstruct the spins of virtual, off-shell
bosons through angular correlations of their decay leptons
because the chiral nature of weak decay allows one to relate
these angular distributions to the spin state of the parent
particles. A further advantage of the Higgs decay process
studied in this Letter is that it offers a clean, fully
reconstructible final state with minimal background.
This Letter presents the analysis of Higgs-boson decays

into four charged leptons recorded with the ATLAS
detector [34] at the LHC. It reports measurements of
entanglement-sensitive angular distributions of ZZ� decay
products and the corresponding average values that are
related to two entanglement-sensitive SDM coefficients
C2;1;2;−1 andC2;2;2;−2 [11]. The measured average values are
interpreted within the Peres-Horodecki criterion [35,36] for
separability. The measured angular distributions are also
employed to test the hypothesis of an entangled ZZ� system
as predicted by the Standard Model against a null hypoth-
esis of a nonentangled system in which both Z bosons are
longitudinally polarized (j00i). For aCP-even spin-0 Higgs
boson, as predicted by the Standard Model, this purely
longitudinally polarized system is the only configuration
that can yield a nonentangled state [37]. Both approaches
allow for a direct experimental test of quantum entangle-
ment of spins in a fundamental bosonic interaction. The
first approach yields a direct measure of entanglement via
the spin-density matrix elements; however the spread of the
angular distribution diminishes the statistical accuracy that
can be achieved using existing event samples. The second
approach achieves greater sensitivity by using the full
distribution, with some increased model dependence, as
it relies on a comparison between two specific hypotheses.
The analysis rests on several assumptions, each sup-

ported by both Standard Model expectations and prior
experimental results. First, the pairs of Z bosons produced
in Higgs-boson decays are assumed to form a scalar state,
consistent with existing measurements of the Higgs boson
spin and CP [38,39]. Second, the angular distributions of
the leptons arising from each helicity state of the Zð�Þ
bosons are assumed to follow the Standard Model pre-
dictions, enabling the measurement of its spin from those
distributions. Approximate conservation of CP excludes
individual transverse Z-boson polarizations. Higher-order
corrections in electroweak perturbation theory, including
those from processes without ZZ� intermediate states, are

predicted to affect leptonic angular distributions and can
lead to large biases in measurements of some elements of
the SDM [40,41]. Dedicated observables are therefore
selected that probe particular entanglement-sensitive ele-
ments of the matrix that have small (< 2%) higher-order
corrections [42], these corrections being treated as system-
atic uncertainties. Finally, the angular distributions of the
four-lepton background processes are assumed to be well-
described by the Standard Model, an assumption that is
then verified with dedicated signal-free control data.
Together, these assumptions (the interpretation of collider
data in non-Quantum Mechanical theories via Bell’s
inequality has been discussed in Ref. [43]; the results
presented in this Letter are not concerned with probing
alternative theories to quantum mechanics via Bell inequal-
ities, but rather in establishing the quantum nonseparability
of the Z bosons spin states in H → ZZ� decays) enable the
interpretation of the observed angular correlations in H →
ZZ� → 4l decays in terms of quantum spin entanglement.
The analysis uses proton-proton collision data collected

with the ATLAS detector [34] at the LHC, employing the
full Run 2 dataset (2015–2018) at a center-of-mass energy
of 13 TeVand partial Run 3 (2022–2024) data at 13.6 TeV,
corresponding to integrated luminosities of 140 fb−1 and
164 fb−1, respectively. ATLAS is a multipurpose cylindri-
cal particle detector composed of several subdetectors with
a forward-backward symmetric cylindrical geometry and a
solid-angle coverage of almost 4π. It is used to record
particles produced in LHC collisions through a combina-
tion of particle position and energy measurements. It
consists of an inner tracking detector (ID) surrounded by
a thin superconducting solenoid providing a 2 T axial
magnetic field, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS). The MS surrounds the
calorimeters and is based on three large superconducting
air-core toroidal magnets with eight coils each providing a
field integral of between 2.0 Tm and 6.0 Tm across the
detector.
Signal and background processes are modeled using

Monte Carlo event generators with detailed simulation of
the detector response based on Geant4 [44]. All samples are
normalized to the most precise theoretical cross-sections
currently available. The simulated events are weighted to
correct for differences between simulated and measured
lepton trigger, reconstruction, identification, and isolation
performance. Background simulations are validated in
dedicated signal-free control regions.
The simulated signal corresponds to Standard Model

Higgs boson production via the dominant gluon-gluon
fusion process (Fig. 1), vector-boson fusion, and produc-
tion in association with a W or a Z boson or with one or
more third-generation quarks, followed by decay into four
charged leptons. This signal is hereafter denoted “QE
H → ZZ�.” A null hypothesis corresponding to a non-
entangled (separable) quantum system with both Z bosons
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longitudinally polarized (j00i) is simulated and denoted
“Non-QE H → ZZ�.”. Backgrounds are dominated by
nonresonant diboson production (denoted ZZð�Þ), with
smaller contributions from top quarks (or antiquarks)
produced in association with Z bosons (ttV þ tVV) and
triboson production (VVV) where V is aW� or Z boson. A
subdominant “reducible” background arises from Z þ jets
events and tt̄when events with fewer than four leptons from
the interaction point enter the analysis. Details of the signal
and background event simulation may be found in
Appendix A of End Matter.
The analysis is based on the correlations in angular

distributions of charged leptons originating from pairs of
Zð�Þ bosons produced in the decays of Higgs bosons.
Selection criteria are employed following an established
ATLAS H → ZZ� → 4l event selection strategy [45].
Events are selected using single- and dilepton triggers
[46,47] for electrons and muons, which together have an
efficiency of about 98% for selecting signal events in the
H → ZZ� → 4l final state. Events are required to contain
at least four isolated charged leptons (e or μ). Electrons are
reconstructed from electromagnetic clusters matched to
particle tracks within the ID [48] and must have transverse
momentum pT > 7 GeV and pseudorapidity jηj < 2.47
(with the region 1.37 < jηj < 1.52 excluded). Muon can-
didates are reconstructed using tracks in the MS which
within jηj < 2.5 are matched to ID tracks, and with addi-
tional recovery in jηj < 0.1 using ID tracks matched to MS
segments or energy deposits in the calorimeters compatible
with a minimum-ionizing particle [49]. Muons are required
to have transverse momentum pT > 5 GeV and jηj <
2.7ð2.5Þ for Run 2 (Run 3) data. Isolation criteria are
imposed on the leptons and they are required to originate
from a common vertex point. The three highest-pT leptons
must have transverse momenta exceeding 20, 15, and
10 GeV, respectively.
The analysis is performed for the 4e, 4μ, and 2e2μ

channels. The candidate Higgs boson in each event is
reconstructed from two pairs of same-flavor opposite-

charge leptons (eþe− or μþμ−). From all valid pairings
of the candidate leptons, the lepton pair with the invariant
mass closest to the nominal value of the Z boson mass [50]
is denoted Z1, while the second closest is denoted Z2.
Any additional leptons not entering those pairings
play no role in the analysis. The invariant mass of these
two candidates must satisfy 50 GeV < mZ1

< 106 GeV
and 12 GeV < mZ2

< 115 GeV, and the invariant mass of
four leptons must be close to the Higgs boson mass [50,51]:
115 GeV < m4l < 130 GeV. The observed and expected
m4l distributions from combined Run 2 and Run 3 data
samples are shown in Fig. 2.
For each selected event, the lepton emission directions

are defined relative to separate coordinate systems con-
structed in the rest frame of each parent Z boson [52] as
illustrated in Fig. 3. The z axis in both is aligned with the
momentum direction of the Z1 boson in the Higgs-boson
rest frame. The spin analyzers are given by the polar and
azimuthal angles ðθ;ϕÞ of each negatively charged lepton
in its respective parent’s rest frame. The relevant off-
diagonal entanglement-sensitive parameters of the SDM
are then obtained from products of spherical harmonics
YM
L ðθ;ϕÞ from event-by-event real-valued estimators [11],

c2M12M2
¼ 40πℜðYM1

2 ðθ1;ϕ1Þ × YM2

2 ðθ2;ϕ2ÞÞ;

where the integersM1 ¼ −M2 are either 1 or 2. The values
of the SDM coefficients C2M12M2

¼ hc2M12M2
i are obtained

from the averages of these event-by-event estimators over

FIG. 2. Observed (full circles) and the expected (histograms)
four-lepton invariant mass distribution around the observed Higgs
boson resonance. The expectation shows the contributions from
H → ZZ� → 4l and from various background processes as
described in the text. The uncertainty bar on data points is
Poisson errors, and the uncertainty band includes statistical and
systematic contributions added in quadrature.

FIG. 1. Example of a leading-order Feynman diagram of the
dominant Higgs-boson production process via gluon-gluon
fusion through a fermion loop and its decay process into two
leptonically decaying Z bosons, pp → H → ZZ� → lþl−lþl−.
The superscript (*) refers to a particle that is off its mass shell.
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events within the kinematic region defined by the dilepton
and four-lepton mass requirements listed in the previous
paragraph. During the calculation of the average values
corrections are applied for the effects of background
processes, detector acceptance, reconstruction effects,
and higher-order electroweak corrections, as described in
Appendix B of End Matter. In the same-flavor decay

channels (4e, 4μ), quantum interference arising from
multiple indistinguishable assignments of identical leptons
to the intermediate Z bosons leads to modifications of the
SDM elements at the level of roughly 10% [53]. These
effects are corrected for as described in End Matter.
At leading order in perturbation theory and under the

assumption described above, the density matrix of the ZZ�
system has a well-defined structure with only nine of the 81
elements being nonzero [11]. Of the six off-diagonal
elements, the four that are products of j0; 0i and j�;∓i
are equal to 1

3
C2;1;2;−1, while the two that are products of

jþ;−i and j−;þi are equal to 1
3
C2;2;2;−2. The Peres-

Horodecki conditions [35,36] for the ZZ� system then
imply that the system is entangled if and only if at least one
of the coefficients C2;1;2;−1 or C2;2;2;−2 is nonzero [11]. A
nonzero value of either of them serves as a marker of
entanglement in the ZZ� system. The null hypothesis in
which both coefficients vanish corresponds physically to
the situation in which the Z bosons are in a pure separable
j00i state, with a single remaining nonzero SDM element.
The sensitivity to entanglement from measurements of

the coefficients C2;1;2;−1 and C2;2;2;−2 is limited, since they
rely on estimating the mean of a broad underlying dis-
tribution using the mean of the data sample. To address this,
an alternative approach is employed: the hypothesis of
quantum entanglement (QE) as predicted by the Standard
Model is tested against the null hypothesis of a separable
system. This null hypothesis corresponds to the j00i state,
the only separable (“non-QE”) quantum state consistent

FIG. 3. Illustration of the decay angle definitions in the pp →
H → ZZ� → 4l process. The azimuthal angles ϕ1 and ϕ2 are not
shown in the figure and are defined in the conventional manner
for right-handed coordinate systems. The unprimed frame is the
laboratory frame with the z axis along the beam direction. The
primed frame is that in which the polarization of Z bosons is
defined.

FIG. 4. The observed distributions of events (full circles) overlaid on the expected (shaded) distributions of the estimator (a) c2;1;2;−1
and (b) c2;2;2;−2 for the entangled hypothesis (blue solid line) and the separable non-QE hypothesis (orange dashed line) and background.
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with the stated assumptions–transitions to the other pos-
sible separable states j þ −i or j −þi would violate CP.
The full distribution of the c2;2;2;−2 observable is used,
which provides about 20% higher expected sensitivity than
using c2;1;2;−1.
Based on the expected distributions of the c2;2;2;−2

observable for each of the two hypotheses, large ensembles
of pseudoexperiment datasets are produced, with event
yields in each analysis bin sampled according to Poisson
statistics around the expected values. All theoretical and
experimental systematic uncertainties enter as nuisance
parameters (NPs) with Gaussian constraints. The test
statistic for the hypothesis test q̃ ¼ −2 ln ðLj00i=LQEÞ is
then computed for each pseudoexperiment by profiling the
ratio of the two likelihoods Lj00i and LQE over the NPs,
with the overall normalization of the H → ZZ� → 4l
process being treated as a free parameter. The likelihood
fit is performed simultaneously in two separate signal

regions defined by requirements on the dilepton mass:
mZ2

< 30 GeV and mZ2
> 30 GeV. This additional event

classification makes better statistical use of the predicted
larger contribution of transverse polarisation components in
the SM at higher mZ2

. Within the stated assumptions
regarding the scalar nature of the Higgs boson and the
SM chiral couplings in the Z boson decays, the mZ2

spectrum for the purely longitudinal j00i configuration,
the only separable state allowed, is expected to be shifted
toward lower values compared to the SM entanglement
configuration [37], so the mZ2

distribution also indirectly
probes the entanglement of the ZZ� system. The split of the
signal region leads to an improvement in sensitivity of
about 15% in the rejection of the purely longitudinal
configuration. The improvement arises primarily from
differences in the expected angular distributions across
the differentmZ2

selections, while themZ2
distribution itself

contributes noticeably less. The resulting q̃ distributions for

FIG. 5. Observed values of (a) C2;1;2;−1 and (b) C2;2;2;−2 in the Run 2 and Run 3 datasets and their combination, together with the
corresponding individual measurements. The p values are calculated using the χ2 statistic for the six channels.

TABLE I. Observed and expected values of the entanglement-sensitive spin-density-matrix coefficients are shown, together with their
dominant systematic and statistical uncertainties. The “combined” columns show the results for 2e2μþ 4eþ 4μ. The results are for the
combined datasets from Run 2 and Run 3. The observed and predicted values for the 4eþ 4μ channels are shown after the corrections
ΔCinterf for interference effects have been applied as described in End Matter. The SM expected values are calculated from the
Monte Carlo simulation.

Coefficient C2;1;2;−1 C2;2;2;−2

Channel 2e2μ 4eþ 4μ Combined 2e2μ 4eþ 4μ Combined

Observed −0.98� 0.64 −0.44� 0.63 −0.71� 0.45 0.00� 0.64 0.15� 0.61 0.08� 0.44
SM expected −0.97 0.64
Leading uncertainty components
Fake-lepton background �0.16 �0.16 �0.12 �0.11 �0.18 �0.12
Irreducible background �0.05 �0.04 �0.04 �0.01 �0.01 �0.01
Interference Not applicable �0.04 �0.02 Not applicable �0.03 �0.02
EW NLO effects �0.02 �0.01 �0.01 < 0.01 < 0.01 < 0.01
Migration �0.01 �0.02 �0.01 �0.01 �0.02 �0.01
Statistical �0.62 �0.61 �0.43 �0.63 �0.58 �0.43
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the simulations of the QE and the j00i hypotheses are
compared to determine the confidence level for rejecting
the nonentangled hypothesis using the C:L:s method [54].
The event-by-event distributions of the entanglement-

sensitive observables c2;2;2;−2 and c2;1;2;−1 are shown in
Fig. 4, inclusively for the combination of both Z2 signal
regions. The agreement between data and prediction for the
relevant mass and angular distributions has been validated
in previous measurements [55,56]. The resulting parton-
level SDM coefficients, together with their statistical and
systematic uncertainties, are evaluated separately for the
three decay channels (4e, 4μ, 2e2μ) and for the two data
sets (Run 2, Run 3) and are then combined for the
entanglement interpretation. A summary of all six individ-
ual measurements and their combinations is shown in
Fig. 5, separately for the C2;1;2;−1 and C2;2;2;−2 coefficients.
The combinations are implemented using the best linear
unbiased estimate technique [57]. The observed combined
values of the coefficients, shown in Table I together with
their uncertainties, are found to be consistent between
channels and consistent with the Standard Model predic-
tions. The systematic uncertainties are all substantially
smaller than the statistical uncertainties.
The likelihood-ratio test has substantially higher sensi-

tivity to the entangled SM hypothesis relative to the
separable j00i hypothesis because it makes use of the full
shape of the c2;2;2;−2 distribution, rather than just its mean
value. The expected distributions of the test statistic q̃ for
the two hypotheses are shown in Fig. 6, together with the
observed value. With all uncertainties taken into account,
and based on 10 million pseudoexperiments per hypothesis,
the hypothesis of a nonentangled quantum state with purely
longitudinally polarized Z bosons is rejected with a
significance of 4.7σ (expected 4.9σ) in favor of the

quantum-entanglement hypothesis predicted by the
Standard Model.
In conclusion, these results constitute the first measure-

ments of quantum entanglement between two massive
vector bosons at the electroweak scale. The distinctive
chiral structure of the SM weak force provides access to the
ZZ� SDM in H → ZZ� → lþl−lþl− decays. The results
show how quantum coherence, previously observed in
fermionic systems such as top-quark pairs, extends to
heavy spin-1 bosons in fundamental particle interactions.
With the larger datasets expected from the full Run 3 and
the high-luminosity LHC, future analyses will enable more
precise tests and sensitivity to potential deviations from the
Standard Model.
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Agència de Gestió d’Ajuts Universitaris i de Recerca,
(AGAUR—2023 BP 00141), Ministry of Science and
Innovation (RYC2019-028510-I, RYC2020-030254-I,
RYC2021-031273-I, RYC2022-038164-I), Ministerio de
Ciencia, Innovación y Universidades/Agencia Estatal de
Investigación [EU NextGenerationEU (PRTR-C17.I1),

PID2022-142604OB-C22]; Sweden: Carl Trygger
Foundation (Carl Trygger Foundation CTS 22∶2312),
Swedish Research Council (Swedish Research Council
2023-04654, VR 2021-03651, VR 2022-03845, VR
2022-04683, VR 2023-03403, VR 2024-05451, VR
2025-05940), Knut and Alice Wallenberg Foundation
(KAW 2023.0366); Switzerland: Swiss National Science
Foundation (SNSF—PCEFP2_194658); United Kingdom:
The Binks Trust, Royal Society (NIF-R1-231091); United
States of America: U.S. Department of Energy (ECA DE-
AC02-76SF00515), John Templeton Foundation (John
Templeton Foundation 63206), Neubauer Family
Foundation.

Data availability—The data that support the findings of
this article are not publicly available. The data are available
from the authors upon reasonable request.

[1] A. Einstein, B. Podolsky, and N. Rosen, Can quantum-
mechanical description of physical reality be considered
complete?, Phys. Rev. 47, 777 (1935).

[2] E. Schrödinger, Discussion of probability relations between
separated systems, Math. Proc. Cambridge Philos. Soc. 31,
555 (1935).

[3] J. S. Bell, On the Einstein Podolsky Rosen paradox, Phys.
Phys. Fiz. 1, 195 (1964).

[4] C. H. Bennett and D. P. DiVincenzo, Quantum information
and computation, Nature (London) 404, 247 (2000).

[5] M. Nielsen and I. Chuang, Quantum Computation and
Quantum Information, Cambridge Series on Information
and the Natural Sciences (Cambridge University Press,
Cambridge, England, 2000).

[6] C. D. Marciniak, T. Feldker, I. Pogorelov, R. Kaubruegger,
D. V. Vasilyev, R. van Bijnen, P. Schindler, P. Zoller, R.
Blatt, and T. Monz, Optimal metrology with programmable
quantum sensors, Nature (London) 603, 604 (2022).

[7] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Quantum entanglement, Rev. Mod. Phys. 81,
865 (2009).

[8] H. Casini and M. Huerta, Lectures on entanglement in
quantum field theory, Proc. Sci. TASI2021 (2022) 002
[arXiv:2201.13310].

[9] Y. Afik and J. R. M. de Nova, Entanglement and quantum
tomography with top quarks at the LHC, Eur. Phys. J. Plus
136, 907 (2021).

[10] Y. Afik and J. R. M. de Nova, Quantum information with top
quarks in QCD, Quantum 6, 820 (2022).

[11] J. A. Aguilar-Saavedra, A. Bernal, J. A. Casas, and J. M.
Moreno, Testing entanglement and Bell inequalities in
H → ZZ, Phys. Rev. D 107, 016012 (2023).

[12] R. Ashby-Pickering, A. J. Barr, and A. Wierzchucka,
Quantum state tomography, entanglement detection and
Bell violation prospects in weak decays of massive particles,
J. High Energy Phys. 05 (2023) 020.

[13] M. Fabbrichesi, R. Floreanini, E. Gabrielli, and L. Marzola,
Bell inequalities and quantum entanglement in weak gauge
boson production at the LHC and future colliders, Eur. Phys.
J. C 83, 823 (2023).

PHYSICAL REVIEW LETTERS 137, 111804 (2026)

111804-7

https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1038/35005001
https://doi.org/10.1038/s41586-022-04435-4
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.22323/1.403.0002
https://arXiv.org/abs/2201.13310
https://doi.org/10.1140/epjp/s13360-021-01902-1
https://doi.org/10.1140/epjp/s13360-021-01902-1
https://doi.org/10.22331/q-2022-09-29-820
https://doi.org/10.1103/PhysRevD.107.016012
https://doi.org/10.1007/JHEP05(2023)020
https://doi.org/10.1140/epjc/s10052-023-11935-8
https://doi.org/10.1140/epjc/s10052-023-11935-8


[14] A. Aspect, P. Grangier, and G. Roger, Experimental reali-
zation of Einstein-Podolsky-Rosen-Bohm Gedanken ex-
periment: A new violation of Bell’s inequalities, Phys.
Rev. Lett. 49, 91 (1982).

[15] E. Hagley et al., Generation of Einstein-Podolsky-Rosen
pairs of atoms, Phys. Rev. Lett. 79, 1 (1997).

[16] M. Steffen, M. Ansmann, R. C. Bialczak, N. Katz, E.
Lucero, R. McDermott, M. Neeley, E. M. Weig, A. N.
Cleland, and J. M. Martinis, Measurement of the entangle-
ment of two superconducting qubits via state tomography,
Science 313, 1423 (2006).

[17] W. Pfaff, T. H. Taminiau, L. Robledo, H. Bernien, M.
Markham, D. J. Twitchen, and R. Hanson, Demonstration
of entanglement-by-measurement of solid-state qubits, Nat.
Phys. 9, 29 (2013).

[18] KLOE-2 collaboration, Precision tests of quantum mechan-
ics and CPT symmetry with entangled neutral kaons at
KLOE, J. High Energy Phys. 04 (2022) 059; 04 (2022) 169
(E).

[19] Belle Collaboration, Measurement of Einstein-Podolsky-
Rosen-type flavor entanglement in ϒð4SÞ → B0B̄0 decays,
Phys. Rev. Lett. 99, 131802 (2007).

[20] ATLAS Collaboration, Observation of quantum entangle-
ment with top quarks at the ATLAS detector, Nature
(London) 633, 542 (2024).

[21] CMS Collaboration, Observation of quantum entanglement
in top quark pair production in proton–proton collisions atffiffiffi
s

p ¼ 13 TeV, Rep. Prog. Phys. 87, 117801 (2024).
[22] CMS Collaboration, Measurements of polarization and spin

correlation and observation of entanglement in top quark
pairs using leptonþ jets events from proton–proton colli-
sions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 110, 112016 (2024).
[23] M. Fabbrichesi, R. Floreanini, E. Gabrielli, and L. Marzola,

Stringent bounds on HWW and HZZ anomalous couplings
with quantum tomography at the LHC, J. High Energy Phys.
09 (2023) 195.

[24] R. Aoude, E. Madge, F. Maltoni, and L. Mantani, Probing
new physics through entanglement in diboson production, J.
High Energy Phys. 12 (2023) 017.

[25] F. Maltoni, C. Severi, S. Tentori, and E. Vryonidou,
Quantum detection of new physics in top-quark pair
production at the LHC, J. High Energy Phys. 03 (2024) 099.

[26] C. Altomonte, A. J. Barr, M. Eckstein, P. Horodecki, and K.
Sakurai, Prospects for quantum process tomography at high
energies, Quantum Sci. Technol. 10, 045060 (2025).

[27] A. J. Barr, M. Fabbrichesi, R. Floreanini, E. Gabrielli, and L.
Marzola, Quantum entanglement and Bell inequality viola-
tion at colliders, Prog. Part. Nucl. Phys. 139, 104134 (2024).

[28] Y. Afik et al., Quantum information meets high-energy
physics: Input to the update of the European strategy for
particle physics, Eur. Phys. J. Plus 140, 855 (2025).

[29] P. W. Higgs, Broken symmetries, massless particles and
gauge fields, Phys. Lett. 12, 132 (1964).

[30] P. W. Higgs, Broken symmetries and the masses of gauge
bosons, Phys. Rev. Lett. 13, 508 (1964).

[31] F. Englert and R. Brout, Broken symmetry and the mass of
gauge vector mesons, Phys. Rev. Lett. 13, 321 (1964).

[32] G. S. Guralnik, C. R. Hagen, and T.W. B. Kibble, Global
conservation laws and massless particles, Phys. Rev. Lett.
13, 585 (1964).

[33] T. W. B. Kibble, Symmetry breaking in non-Abelian gauge
theories, Phys. Rev. 155, 1554 (1967).

[34] ATLAS Collaboration, The ATLAS experiment at the
CERN Large Hadron Collider, J. Instrum. 3, S08003 (2008).

[35] A. Peres, Separability criterion for density matrices, Phys.
Rev. Lett. 77, 1413 (1996).

[36] P. Horodecki, Separability criterion and inseparable mixed
states with positive partial transposition, Phys. Lett. A 232,
333 (1997).

[37] J. A. Aguilar-Saavedra, Laboratory-frame tests of quantum
entanglement in H → WW, Phys. Rev. D 107, 076016
(2023).

[38] ATLAS Collaboration, Evidence for the spin-0 nature of the
Higgs boson using ATLAS data, Phys. Lett. B 726, 120
(2013).

[39] CMS Collaboration, Constraints on the spin-parity and
anomalous HVV couplings of the Higgs boson in proton
collisions at 7 and 8 TeV, Phys. Rev. D 92, 012004 (2015).

[40] D. Gonçalves, A. Kaladharan, F. Krauss, and A. Navarro,
Quantum entanglement is quantum: ZZ production at the
LHC, J. High Energy Phys. 12 (2025) 122.

[41] M. Del Gratta, F. Fabbri, M. Grossi, F. Maltoni, D. Pagani,
G. Pelliccioli, and Alessandro Vicini, Z-boson quantum
tomography at next-to-leading order, J. High Energy Phys.
02 (2026) 056.

[42] J. A. Aguilar-Saavedra, Quantum tomography beyond the
leading order, Eur. Phys. J. C 85, 969 (2025).

[43] S. A. Abel, M. Dittmar, and H. K. Dreiner, Testing locality
at colliders via Bell’s inequality?, Phys. Lett. B 280, 304
(1992).

[44] S. Agostinelli et al., Geant4—A simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[45] ATLAS Collaboration, Measurement of the Higgs boson
mass in the H → ZZ� → 4l decay channel using 139 fb−1

of
ffiffiffi
s

p ¼ 13 TeV pp collisions recorded by the ATLAS
detector at the LHC, Phys. Lett. B 843, 137880 (2023).

[46] ATLAS Collaboration, Performance of electron and photon
triggers in ATLAS during LHC Run 2, Eur. Phys. J. C 80, 47
(2020).

[47] ATLAS Collaboration, Performance of the ATLAS muon
triggers in Run 2, J. Instrum. 15, P09015 (2020).

[48] ATLAS Collaboration, Electron and photon energy calibra-
tion with the ATLAS detector using LHC Run 2 data, J.
Instrum. 19, P02009 (2024).

[49] ATLAS Collaboration, Muon reconstruction and identifica-
tion efficiency in ATLAS using the full Run 2 pp collision
data set at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 81, 578
(2021).

[50] Particle Data Group, Review of particle physics, Phys. Rev.
D 110, 030001 (2024).

[51] ATLAS Collaboration, Combined measurement of the
Higgs boson mass from the H → γγ and H → ZZ� → 4l
decay channels with the ATLAS detector using

ffiffiffi
s

p ¼ 7, 8,
and 13 TeV pp collision data, Phys. Rev. Lett. 131, 251802
(2023).

[52] ATLAS Collaboration, Study of the spin and parity of the
Higgs boson in diboson decays with the ATLAS detector,
Eur. Phys. J. C 75, 476 (2015); 76, 152(E) (2016).

[53] J. A. Aguilar-Saavedra, H → ZZ as a double-slit experi-
ment, Phys. Lett. B 868, 139639 (2025).

PHYSICAL REVIEW LETTERS 137, 111804 (2026)

111804-8

https://doi.org/10.1103/PhysRevLett.49.91
https://doi.org/10.1103/PhysRevLett.49.91
https://doi.org/10.1103/PhysRevLett.79.1
https://doi.org/10.1126/science.1130886
https://doi.org/10.1038/nphys2444
https://doi.org/10.1038/nphys2444
https://doi.org/10.1007/JHEP04(2022)059
https://doi.org/10.1007/JHEP04(2022)169
https://doi.org/10.1007/JHEP04(2022)169
https://doi.org/10.1103/PhysRevLett.99.131802
https://doi.org/10.1038/s41586-024-07824-z
https://doi.org/10.1038/s41586-024-07824-z
https://doi.org/10.1088/1361-6633/ad7e4d
https://doi.org/10.1103/PhysRevD.110.112016
https://doi.org/10.1007/JHEP09(2023)195
https://doi.org/10.1007/JHEP09(2023)195
https://doi.org/10.1007/JHEP12(2023)017
https://doi.org/10.1007/JHEP12(2023)017
https://doi.org/10.1007/JHEP03(2024)099
https://doi.org/10.1088/2058-9565/ae0af1
https://doi.org/10.1016/j.ppnp.2024.104134
https://doi.org/10.1140/epjp/s13360-025-06752-9
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1016/S0375-9601(97)00416-7
https://doi.org/10.1016/S0375-9601(97)00416-7
https://doi.org/10.1103/PhysRevD.107.076016
https://doi.org/10.1103/PhysRevD.107.076016
https://doi.org/10.1016/j.physletb.2013.08.026
https://doi.org/10.1016/j.physletb.2013.08.026
https://doi.org/10.1103/PhysRevD.92.012004
https://doi.org/10.1007/JHEP12(2025)122
https://doi.org/10.1007/JHEP02(2026)056
https://doi.org/10.1007/JHEP02(2026)056
https://doi.org/10.1140/epjc/s10052-025-14710-z
https://doi.org/10.1016/0370-2693(92)90071-B
https://doi.org/10.1016/0370-2693(92)90071-B
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.physletb.2023.137880
https://doi.org/10.1140/epjc/s10052-019-7500-2
https://doi.org/10.1140/epjc/s10052-019-7500-2
https://doi.org/10.1088/1748-0221/15/09/P09015
https://doi.org/10.1088/1748-0221/19/02/P02009
https://doi.org/10.1088/1748-0221/19/02/P02009
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevLett.131.251802
https://doi.org/10.1103/PhysRevLett.131.251802
https://doi.org/10.1140/epjc/s10052-015-3685-1
https://doi.org/10.1140/epjc/s10052-016-3934-y
https://doi.org/10.1016/j.physletb.2025.139639


[54] A. L. Read, Presentation of search results: the CLs tech-
nique, J. Phys. G 28, 2693 (2002).

[55] ATLAS Collaboration, Measurements of the Higgs boson
inclusive and differential fiducial cross sections in the 4l
decay channel at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 80, 942
(2020).

[56] ATLAS Collaboration, Measurements of the Higgs boson
production, fiducial and differential cross-sections in the
four lepton decay channel using 164 fb−1 of data collected
at

ffiffiffi
s

p ¼ 13.6 TeV with the ATLAS detector,
arXiv:2605.19016.

[57] L. Lyons, D. Gibaut, and P. Clifford, How to combine
correlated estimates of a single physical quantity, Nucl.
Instrum. Methods Phys. Res., Sect. A 270, 110 (1988).

[58] ATLAS Collaboration, ATLAS computing acknowledge-
ments, ATL-SOFT-PUB-2026-001, 2026, https://cds.cern
.ch/record/2952666.

[59] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: the POWHEG BOX, J. High Energy
Phys. 06 (2010) 043.

[60] C. Bierlich et al., A comprehensive guide to the physics and
usage of PYTHIA 8.3, SciPost Phys. Codebases 2022, 8 (2022).

[61] S. Boselli, C. M. Carloni Calame, G. Montagna, O.
Nicrosini, F. Piccinini, and A. Shivaji, Higgs decay into
four charged leptons in the presence of dimension-six
operators, J. High Energy Phys. 01 (2018) 096.

[62] K. Hamilton, P. Nason, E. Re, and G. Zanderighi, NNLOPS
simulation of Higgs boson production, J. High Energy Phys.
10 (2013) 222.

[63] S. Alioli, S. Ferrario Ravasio, J. M. Lindert, and R. Röntsch,
Four-lepton production in gluon fusion at NLO matched to
parton showers, Eur. Phys. J. C 81, 687 (2021).

[64] P. Nason and C. Oleari, NLO Higgs boson production via
vector-boson fusion matched with shower in POWHEG, J.
High Energy Phys. 02 (2010) 037.

[65] D. de Florian et al., Handbook of LHC Higgs cross sections:
4. Deciphering the nature of the Higgs sector,
arXiv:1610.07922.

[66] U. Aglietti, R. Bonciani, G. Degrassi, and A. Vicini, Two-
loop light fermion contribution to Higgs production and
decays, Phys. Lett. B 595, 432 (2004).

[67] S. Actis, G. Passarino, C. Sturm, and S. Uccirati, NLO
electroweak corrections to Higgs boson production at
hadron colliders, Phys. Lett. B 670, 12 (2008).

[68] S. Actis, G. Passarino, C. Sturm, and S. Uccirati, NNLO
computational techniques: The cases H → γγ and H → gg,
Nucl. Phys. B811, 182 (2009).

[69] C. Anastasiou, R. Boughezal, and F. Petriello, Mixed QCD-
electroweak corrections to Higgs boson production in gluon
fusion, J. High Energy Phys. 04 (2009) 003.

[70] A. Pak, M. Rogal, and M. Steinhauser, Finite top quark mass
effects in NNLO Higgs boson production at LHC, J. High
Energy Phys. 02 (2010) 025.

[71] R. V. Harlander and K. J. Ozeren, Top mass effects in Higgs
production at next-to-next-to-leading order QCD: Virtual
corrections, Phys. Lett. B 679, 467 (2009).

[72] R. V. Harlander and K. J. Ozeren, Finite top mass effects for
hadronic Higgs production at next-to-next-to-leading order,
J. High Energy Phys. 11 (2009) 088.

[73] R. V. Harlander, H. Mantler, S. Marzani, and K. J. Ozeren,
Higgs production in gluon fusion at next-to-next-to-leading
order QCD for finite top mass, Eur. Phys. J. C 66, 359
(2010).

[74] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, and B.
Mistlberger, Higgs boson gluon-fusion production in
QCD at three loops, Phys. Rev. Lett. 114, 212001 (2015).

[75] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann, F.
Herzog, A. Lazopoulos, and B. Mistlberger, High precision
determination of the gluon fusion Higgs boson cross-section
at the LHC, J. High Energy Phys. 05 (2016) 058.

[76] F. Dulat, A. Lazopoulos, and B. Mistlberger, iHixs 2—
Inclusive Higgs cross sections, Comput. Phys. Commun.
233, 243 (2018).

[77] M. Bonetti, K. Melnikov, and L. Tancredi, Higher order
corrections to mixed QCD-EW contributions to Higgs
boson production in gluon fusion, Phys. Rev. D 97,
056017 (2018).

[78] M. Ciccolini, A. Denner, and S. Dittmaier, Strong and
electroweak corrections to the production of a Higgs boson
þ2 jets via weak interactions at the large hadron collider,
Phys. Rev. Lett. 99, 161803 (2007).

[79] M. Ciccolini, A. Denner, and S. Dittmaier, Electroweak and
QCD corrections to Higgs production via vector-boson
fusion at the CERN LHC, Phys. Rev. D 77, 013002 (2008).

[80] P. Bolzoni, F. Maltoni, S.-O. Moch, and M. Zaro, Higgs
boson production via vector-boson fusion at next-to-next-to-
leading order in QCD, Phys. Rev. Lett. 105, 011801
(2010).

[81] M. L. Ciccolini, S. Dittmaier, and M. Krämer, Electroweak
radiative corrections to associated WH and ZH production
at hadron colliders, Phys. Rev. D 68, 073003 (2003).

[82] O. Brein, A. Djouadi, and R. Harlander, NNLO QCD
corrections to the Higgs-Strahlung processes at hadron
colliders, Phys. Lett. B 579, 149 (2004).

[83] O. Brein, R. V. Harlander, M. Wiesemann, and T. Zirke,
Top-quark mediated effects in hadronic Higgs-Strahlung,
Eur. Phys. J. C 72, 1868 (2012).

[84] L. Altenkamp, S. Dittmaier, R. V. Harlander, H. Rzehak, and
T. J. E. Zirke, Gluon-induced Higgs-Strahlung at next-to-
leading order QCD, J. High Energy Phys. 02 (2013) 078.

[85] A. Denner, S. Dittmaier, S. Kallweit, and A. Mück, HAWK

2.0: A Monte Carlo program for Higgs production in vector-
boson fusion and Higgs Strahlung at hadron colliders,
Comput. Phys. Commun. 195, 161 (2015).

[86] O. Brein, R. V. Harlander, and T. J. E. Zirke, VH@NNLO—
Higgs Strahlung at hadron colliders, Comput. Phys. Com-
mun. 184, 998 (2013).

[87] R. V. Harlander, A. Kulesza, V. Theeuwes, and T. Zirke, Soft
gluon resummation for gluon-induced Higgs Strahlung,
J. High Energy Phys. 11 (2014) 082.

[88] R. V. Harlander, J. Klappert, S. Liebler, and L. Simon,
VH@NNLO-v2: New physics in Higgs Strahlung, J. High
Energy Phys. 05 (2018) 089.

[89] S. Dittmaier, M. Krämer, and M. Spira, Higgs radiation off
bottom quarks at the Fermilab Tevatron and the CERN
LHC, Phys. Rev. D 70, 074010 (2004).

[90] S. Dawson, C. Jackson, L. Reina, and D. Wackeroth,
Exclusive Higgs boson production with bottom quarks at
hadron colliders, Phys. Rev. D 69, 074027 (2004).

PHYSICAL REVIEW LETTERS 137, 111804 (2026)

111804-9

https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-020-8223-0
https://doi.org/10.1140/epjc/s10052-020-8223-0
https://arXiv.org/abs/2605.19016
https://doi.org/10.1016/0168-9002(88)90018-6
https://doi.org/10.1016/0168-9002(88)90018-6
https://cds.cern.ch/record/2952666
https://cds.cern.ch/record/2952666
https://cds.cern.ch/record/2952666
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.1007/JHEP01(2018)096
https://doi.org/10.1007/JHEP10(2013)222
https://doi.org/10.1007/JHEP10(2013)222
https://doi.org/10.1140/epjc/s10052-021-09470-5
https://doi.org/10.1007/JHEP02(2010)037
https://doi.org/10.1007/JHEP02(2010)037
https://arXiv.org/abs/1610.07922
https://doi.org/10.1016/j.physletb.2004.06.063
https://doi.org/10.1016/j.physletb.2008.10.018
https://doi.org/10.1016/j.nuclphysb.2008.11.024
https://doi.org/10.1088/1126-6708/2009/04/003
https://doi.org/10.1007/JHEP02(2010)025
https://doi.org/10.1007/JHEP02(2010)025
https://doi.org/10.1016/j.physletb.2009.08.012
https://doi.org/10.1088/1126-6708/2009/11/088
https://doi.org/10.1140/epjc/s10052-010-1258-x
https://doi.org/10.1140/epjc/s10052-010-1258-x
https://doi.org/10.1103/PhysRevLett.114.212001
https://doi.org/10.1007/JHEP05(2016)058
https://doi.org/10.1016/j.cpc.2018.06.025
https://doi.org/10.1016/j.cpc.2018.06.025
https://doi.org/10.1103/PhysRevD.97.056017
https://doi.org/10.1103/PhysRevD.97.056017
https://doi.org/10.1103/PhysRevLett.99.161803
https://doi.org/10.1103/PhysRevD.77.013002
https://doi.org/10.1103/PhysRevLett.105.011801
https://doi.org/10.1103/PhysRevLett.105.011801
https://doi.org/10.1103/PhysRevD.68.073003
https://doi.org/10.1016/j.physletb.2003.10.112
https://doi.org/10.1140/epjc/s10052-012-1868-6
https://doi.org/10.1007/JHEP02(2013)078
https://doi.org/10.1016/j.cpc.2015.04.021
https://doi.org/10.1016/j.cpc.2012.11.002
https://doi.org/10.1016/j.cpc.2012.11.002
https://doi.org/10.1007/JHEP11(2014)082
https://doi.org/10.1007/JHEP05(2018)089
https://doi.org/10.1007/JHEP05(2018)089
https://doi.org/10.1103/PhysRevD.70.074010
https://doi.org/10.1103/PhysRevD.69.074027


[91] M. Wiesemann, R. Frederix, S. Frixione, V. Hirschi, F.
Maltoni, and P. Torrielli, Higgs production in association
with bottom quarks, J. High Energy Phys. 02 (2015) 132.

[92] R. V. Harlander and W. B. Kilgore, Higgs boson production
in bottom quark fusion at next-to-next-to-leading order,
Phys. Rev. D 68, 013001 (2003).

[93] R. Harlander, M. Krämer, and M. Schumacher, Bottom-
quark associated Higgs-boson production: Reconciling the
four- and five-flavour scheme approach, arXiv:1112.3478.

[94] E. Bothmann et al., Event generation with Sherpa 2.2, SciPost
Phys. 7, 034 (2019).

[95] T. Gleisberg and S. Höche, Comix, a new matrix element
generator, J. High Energy Phys. 12 (2008) 039.

[96] F. Cascioli, P.Maierhöfer, and S. Pozzorini, Scattering ampli-
tudes with open loops, Phys. Rev. Lett. 108, 111601 (2012).

[97] S. Höche, F. Krauss, M. Schönherr, and F. Siegert, QCD
matrix elementsþ parton showers. The NLO case, J. High
Energy Phys. 04 (2013) 027.

[98] J. Alwall, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer,
H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro, The
automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.

[99] ATLAS Collaboration, Tools for estimating fake/non-
prompt lepton backgrounds with the ATLAS detector at
the LHC, J. Instrum. 18, T11004 (2023).

End Matter

Appendix A: Simulation and background prediction—
Monte Carlo (MC) simulated signal samples for the
Standard Model Higgs boson are simulated using POWHEG

BOX v2 [59] interfaced to PYTHIA 8 [60] with the dedicated
Hto4l [61] decay library providing full spin correlations in
H → ZZ� → 4l decays. The dominant gluon-gluon fusion
(ggF) process is simulated at next-to-next-to-leading order
(NNLO) in quantum chromodynamics (QCD) [62,63],
while vector-boson fusion (VBF) [64] and associated
production (VH) are simulated at next-to-leading order
(NLO). Minor production modes of Higgs bosons in
association with top and bottom quarks, including tt̄H, tH,
and bb̄H, are simulated at NLO using POWHEG BOX v2 +

PYTHIA 8. Final-state radiation is simulated within Hto4l and
PYTHIA 8. Its impact on the reconstructed angular
observables was found to be below 1%.
The samples are normalized to state-of-the-art cross-

section predictions for the center-of-mass energy of 13 TeV
[65] and these predictions are extrapolated to 13.6 TeV. The
ggF sample is normalized to a N3LO QCD calculation with
NLO electroweak (EW) corrections [66–77]. The VBF
sample is normalized to an approximate NNLO QCD cross
section with NLO EW corrections [78–80]. The VH
samples are normalized to cross-sections calculated at
NNLO in QCD with NLO EW corrections [81–88]. The
bb̄H contribution is normalized to a calculation that
combines the complete NLO contributions that are present
in the four-flavor scheme calculation, including finite
b-quark mass effects and top-loop induced top-to-bottom
Yukawa-coupling interference contributions, with the
resummation of collinear logarithms of mb=mH as present
in the five-flavor scheme calculation up to NNLO [89–93].
No EW corrections are included for bb̄H, tH, or tWH.
Irreducible backgrounds from nonresonant Zð�ÞZð�Þ pro-

duction are modeled using Sherpa 2.2.16 [94–96], with a
matrix element calculated at NLO in the strong coupling αs
for final states with up to one additional parton, and at LO
accuracy for up to three additional partons. The matrix
element (ME) calculations used OpenLoops [96] for the

virtual QCD corrections, and were merged with the
Sherpa parton shower using the ME+PS@NLO prescription
[97]. The loop-induced gluon-initiated ZZ process
(gg → ZZ) was simulated with POWHEG BOX v2 + PYTHIA

8 at NLO precision.
Production of tt̄Z and tri-boson (VVV) production,

where V represents W� or Z, are both modeled with
Sherpa 2.2.12, requiring at least four charged leptons in the
final state. Backgrounds with nonprompt leptons arise
primarily from Z boson production with associated jets
(Z þ jets), production of WZ and tt̄. The production of
Z þ jets was simulated using Sherpa 2.2.14 with up to two
partons at NLO and five partons at LO in αs. The WZ
process was simulated using Sherpa 2.2.16, with a similar
configuration as used for the qq̄ → Zð�ÞZð�Þ process. Events
of tt̄ production were simulated with POWHEG BOX v2 +

PYTHIA 8.3 at NLO in αs.
For the test of the quantum-entanglement hypothesis,

additional dedicated samples are produced using
MadGraph5_aMC@NLO [98] enforcing longitudinal polarization
of both Zð�Þ bosons. They are parton-showered with PYTHIA

8 and reweighted to match the production kinematic spectra
of the POWHEG-based inclusive SM Higgs-boson samples.
The reducible background arises when events with fewer

than four prompt leptons satisfy the signal region event
selection criteria because jets or photons are misidentified
as leptons or due to non-prompt leptons from heavy-flavor
hadron decays. Since such backgrounds may not be well
modeled in simulation, this contribution is estimated with a
data-driven fake-factor (FF) method [99] rather than from
direct MC simulation. The FF is measured in two dedicated
control regions enriched, respectively, in Z þ jets (CR Z)
and in top-pair production (CR top). Systematic uncertain-
ties include the variation of the control region for the FF
measurement (CR Z or CR top), the statistical uncertainty
in the measurement CRs, and the statistical uncertainty in
the application regions. The total uncertainty in the
reducible background estimate in the signal region is
39% for the Run 2 data and 46% for the Run 3 data.

PHYSICAL REVIEW LETTERS 137, 111804 (2026)

111804-10

https://doi.org/10.1007/JHEP02(2015)132
https://doi.org/10.1103/PhysRevD.68.013001
https://arXiv.org/abs/1112.3478
https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.1088/1126-6708/2008/12/039
https://doi.org/10.1103/PhysRevLett.108.111601
https://doi.org/10.1007/JHEP04(2013)027
https://doi.org/10.1007/JHEP04(2013)027
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1088/1748-0221/18/11/T11004


Appendix B: Calibration corrections and systematic
uncertainties—The procedure for evaluating the SDM
elements is as follows. First, the mean value Cdata;reco

ch of
the entanglement-sensitive angular distribution cdata;recoch is
calculated using all events that satisfy the event selection
criteria. The index “ch” denotes the individual decay
channel, 4e, 4μ, or 2e2μ. Next, the reconstructed mean
value Cdata;reco

ch is corrected for background effects, using
their predicted yields and mean values of the coefficient,
resulting in a reconstructed value CH4l;reco

ch for the Higgs-
boson signal alone. The statistical and systematic
uncertainty in all background contributions are
propagated. The reconstructed coefficient CH4l;reco

ch is
calibrated to the “parton” (i.e., leptons before quantum
electrodynamics radiation) level value using a set of
linear calibrations, one for each channel for each LHC
run period (i.e., Run 2 and Run 3), obtained from
cH4l;MC
ch weighted simulations of Standard Model Higgs-
boson signal samples. The systematic uncertainty of the
calibration procedure is evaluated and taken into
account. For same-flavor decay channels, the correction
ΔCinterf ¼ CMC

2e2μ − CMC
4e=4μ is applied to account for

interference effects, where the corrections are found
from simulation to be ΔCinterf

2;1;2;−1 ¼ −0.07 and
ΔCinterf

2;2;2;−2 ¼ 0.06. A conservative symmetrical systematic
uncertainty equal to 50% of this correction is assigned
to the same-flavor channels (4e and 4μ). Finally, an
additional multiplicative systematic uncertainty is
introduced to account for effects from electroweak
corrections at NLO. This uncertainty is taken as the

difference between LO and NLO EW predictions [42],
corresponding to multiplicative uncertainties of 1.1% for
C2;1;2;−1 and 1.4% for C2;2;2;−2.
Experimental systematic uncertainties are accounted for

including lepton calibration and acceptance, luminosity, as
well as the effect of pileup [45]. Uncertainties in the yield of
fake- and nonprompt leptons are estimated using dedicated
control regions. For the combined measurement of each
SDM coefficient, the statistical uncertainties, including
those on the fake-lepton estimate, and the systematic
uncertainty from unfolding are each treated as uncorrelated
between flavor channels and between LHC run periods.
The uncertainties from biases from the interference (where
present) and those from NLO EW correction are treated as
fully correlated between flavor channels and run periods.
The systematic uncertainties resulting from the background
subtraction and from the fake-lepton estimate closure are
treated as fully correlated between flavor channels and
uncorrelated between run periods.
For the hypothesis test, the overall impact from all

sources of systematic uncertainties is indicated by the
uncertainty band in Fig. 4. The dominant theoretical
uncertainty originates from the theoretical contribution
from higher-order terms in QCD, and corresponds to
approximately 10% of the predicted yield. Subleading
systematic uncertainties include those from the MC parton
shower modeling and reducible background (fake-lepton)
related uncertainties. Experimental uncertainties are found
to be subdominant and are found not to materially change
the shape of the distributions. They are therefore repre-
sented by a conservative overall 3% uncertainty.
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